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Recently Seeber and colleagues proposed a gait-phase modulation (GPM) signal to analyze the
modulation of EEG oscillatory amplitudes relative to gait cycle. In particular, GPM was defined
as a modified version of the previously introduced phase-amplitude coupling index (Canolty et al.,
2006) under the assumption of a two-period pattern for studying upright walking:
GPM =
2
√
2σA(f )
N−1∑
n= 0
A(n, f )e−2pi i
2n
N .
As it is apparent from the mathematical definition and only after application of the absolute
value on the obtained complex value for each frequency f , GPM enables quantification of phase-
locking modulated oscillations from cortical regions in relation to periodic cycles in the frequency
domain. Consequently, it potentially facilitates the determination of brain networks implicated in
periodic body movements as in the case of upright walking by focusing on synchronization values
corresponding to frequency bands of interest.
It is worth mentioning that quantification of brain synchronization through phase-locking dates
back to the seminal works by Tass et al. (1998) and Lachaux et al. (1999) who introduced a real-
valued bounded index (phase-locking value PLV) reflecting phase inter-trial variability between
brain signals in the time-domain. By observing PLV patterns in relation to behavior, these authors
were able to emphasize the role of phase synchronization as a putative mechanism for long-range
neural integration in cognitive tasks which together with short-range phase synchrony commonly
associated to perceptual binding represents an important principle for brain communication.
Different studies highlighting the use of phase-locking in brain signals include: neural network
connectivity during resting states in humans by magnetoencephalography (Schmidt et al., 2014),
assessment of neural correlates of auditory selective attention reflected in electroencephalographic
evoked potentials (Trenado et al., 2009), electroencephalographic correlates of listening effort
(Strauss et al., 2010), electroencephalographic epilepsy studies (Mormann et al., 2000), studies
dealing with brain computer interfaces (Brunner et al., 2006) and studies dealing with interpersonal
body and neural synchronization as a marker of implicit social interaction (Yun et al., 2012).
Trenado Gait phase modulation index (GPM)
In spite of the usefulness and relevance of the GPM signal as
previously stated, its definition does not meet the requirements
of a phase-locking index as in the case of PLV , namely it should
provide a real-value as an output and incorporate a scale factor
to obtain bounded values in the interval [0, 1] without the need
for pre-normalization. To address these issues while providing
a more satisfactory definition of gait phase modulation index
analogous toPLV , the following definition is suggested:
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where N is the total number of samples per gait cycle, A denotes
the time-frequency magnitude at a certain frequency f and
sample point n, and σA(f ) denotes its standard deviation. In
particular, the normalization factor of GPMσ aims to capture the
proportion of power variation that is coherent with the carrier
signal while in the case of PLV such a normalization factor, e.g.
the number of samples, is merely for scaling.
Focusing on the aim of GPMσ, an alternative and perhaps
more natural way to quantify gait-phase modulation could be
given by estimating the correlation between the time-frequency
magnitude modulation A and the gait cycle, for instance by
calculating the magnitude of the Pearson’s correlation coefficient
between the complex-valued analytic form of the time-frequency
magnitude A and the complex-valued representation of the gait
cycle.
In contrast to PLV , GPMσ addresses possible phase
interactions between a brain signal and a sinusoidal signal
representing a periodic motor movement. One of the main
advantages of using phase analysis is the fact that it does not
require any statistical assumption about the signals while being
more robust against noise. An additional capability of this
measure is the possibility to evaluate existing phase lags in
the motor cycle which are hidden or overlooked by common
correlation coefficients and coherence analysis as emphasized by
Seeber et al. (2015).
Based on the previous, it is expected that the usefulness of
the gait phase modulation index will be made apparent by future
studies targeting extraction of neurophysiological correlates of
human gait not only in the case of healthy individuals but
importantly in patients with motor disorders.
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